Genetic variation between geographically and temporally distinct isolates of dengue-1 (DEN-l) and dengue-4 (DEN-4) viruses was investigated. The nucleotide sequences of a fragment of the envelope protein gene encoding amino acids 28 to 87 of 35 DEN-1 isolates and 28 DEN-4 isolates were determined. Maximum nucleotide sequence variation was 6-9 % and 4-9% for DEN-1 and DEN-4 viruses, respectively. Taking a divergence of 6 % between the nucleotide sequences as the cut-off value, three genotype groups were defined for DEN-1 viruses, whereas only one was observed for DEN-4 viruses. Molecular analysis of isolates from the South Pacific permits the classification of the recent strains of DEN-1 (1988DEN-1 ( -1989 into a genotype distinct from the genotype which comprises earlier strains. This observation suggests that the recent epidemics were due to the introduction of a new genotype rather than to the re-emergence of the earlier strain.
Dengue viruses occur as four distinct serotypes (DEN-1, DEN-2, DEN-3 and DEN-4), which can be differentiated serologically. Infection with any of the serotypes may result in a mild febrile disease (dengue fever, DF) or the more severe dengue haemorrhagic fever (DHF) and dengue shock syndrome. The four dengue viruses are transmitted by Aedes mosquitoes, and are responsible for a growing health problem in the tropical world, infecting millions of people annually (Gubler, 1991; Monath, 1994) . Because of air travel, dengue is often seen in nonendemic areas as a disease of travellers (Monath, 1994) .
Dengue viruses are characterized by a positive-sense ssRNA genome of about 11 kb in length. The genome consists of a single open reading frame which encodes a precursor polyprotein (Rice et al., 1986) . Proteolytic cleavages of the polyprotein result in the formation of the core (C), membrane (M) and envelope (E) proteins and the non-structural proteins NS 1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. Studies of the molecular evolution and epidemiology of DEN-l, DEN-2 and DEN-3 viruses using genome sequence relatedness have demonstrated the occurrence of genotype groupings among these viruses (Rico-Hesse, 1990; Deubel et al., 1993; Chungue et al., 1993b , Lewis et al., 1993 Lanciotti et al., 1994) .
In this paper, we have analysed 35 DEN-1 and 28 * Author for correspondence. Fax +689 43 15 90. e-mail chungue@pasteur.fr DEN-4 virus strains isolated over periods of 50 years and 33 years, respectively, from humans and mosquitoes. Included in this study were the isolates of DEN-4 from humans and mosquitoes obtained from 1979 to 1988 in Tahiti where only DEN-4 virus was transmitted continuously (Chungue et al., 1993c) . Gene fragments corresponding to the 5' terminus of the E protein gene were amplified by RT-PCR and sequenced directly. This method was valuable for epidemiological analysis and classification of DEN-2 and DEN-3 viruses Chungue et al., 1993b) and was therefore applied to the genetic study of DEN-1 and DEN-4 viruses.
The characteristics of each strain used in this study are depicted in Tables 1 and 2 . Virus strains were recovered from cell culture, adult mosquitoes or suckling mouse brain passages. Some were unpassaged (human sera or mosquito homogenates). The infected cells were processed for RNA extraction as previously described (Deubel et al., 1990) . To recover viral RNA from serum or mosquito homogenates, 5 Ixl of sample was treated using a silica extraction method as previously described (Chungue et al., 1993a) .
Nucleotides from positions 52 to 288 in the E protein gene of DEN-1 were amplified using RT-PCR as described previously (Deubel et al., 1990) . The amplified products were purified after electrophoresis on a 1% low melting point agarose gel by phenol extraction and ethanol precipitation. Sequencing reactions were per- formed on the dsDNA using type-specific genomic-sense and anti-genomic-sense primers, [35S]dATP and T7 DNA polymerase (Sequenase; United States Biochemical).
RT-PCR of DEN-4 RNA and cDNA sequencing were conducted as follows' first strand cDNA was primed using an anti-genomic-sense primer 5' 306-GCCCCACC- (Chungue et al., 1993b) . Numbers flanking the primer sequence indicate the map site at which the 5 ~ nucleotides hybridized with the DEN-4 E protein gene (Zhao et al., 1986) . The cDNA molecules were denatured at 94 °C for 5 min then subjected to a 30 cycle two-step amplification (denaturation at 94°C for 20 s and annealing-elongation at 64 °C for 45 s) by PCR using 1 ~M of the first primer, 1 laM of the second primer (genomic-sense 5' GGGGATCCGAATGCGATGCGT-AGGAGT17 3'), 0"2 mu each dNTP and 2 units of Taq polymerase (Promega). The amplified products were purified from a 1.5 % agarose gel using the Mermaid Bio 101 kit. Sequencing reactions were carried out on dsDNA using type-specific genomic-sense and anti-genomicsense primers, [~sS]dATP and exonuclease-free DNA polymerase from Thermococcus litoralis (CircumVent Thermal Cycle DNA Sequencing Kit; New England Biolabs). The cycle sequencing parameters were: denaturation at 94 °C for 20 s and annealing-elongation at 64 °C for 45 s. For both DEN-1 and DEN-4 viruses, oligonucleotide primers were selected for RT-PCR and sequencing according to their potentially conserved sequences in dengue viruses. They flanked a gene fragment encoding an antigenic domain of dengue virus E protein recognized in the immune response (M~gret et aL, 1992) that had sufficient nucleotide divergence to allow meaningful characterization Chungue et aI. 1993b) , comparable to that obtained by sequencing the E-NS1 gene fragment or full-length gene E (Rico-Hesse, 1990; Lewis et al., 1993; Lanciotti et al., 1994) . The RT-PCR reaction was successful with all DEN-1 and DEN-4 variants, giving a clear-cut single DNA band of the expected size of 237 and 398 bp, respectively, in agarose gels (data not shown). Two different methods used for cDNA production, purification and sequencing Table l . Nucleotide differences from the Naur 74 strain (Mason et al., 1987) are shown; dots indicate identities. The 180 nucleotides shown constitute the total sequence used for each strain to construct the dendrogram in Fig. 3 (DEN-l) . Table 2 . Nucleotide differences from Domi 81 strain (Zhao et al., 1986 ) are shown ; dots indicate identities. The 180 nucleotides shown constitute the total sequence used for each strain to construct the dendrogram in Fig. 3 (DEN-4) .
of DEN-I, or for DEN-4 genome analysis showed the same efficiency and practicality. Pairwise nucleotide sequence comparisons, multiple alignments and construction of the dendrograms were performed using the CLUSTAL V program (D. Higgins, Heidelberg, Germany). The same interval of 180 nucleotides (nt 82 to 261) from 35 DEN-1 and 28 DEN-4 isolates was compared to a prototype strain (Nauru Island 1974 for DEN-1 and H-241/Philippines 1956 for DEN-4). Maximum divergence over the region was 6-9 % among DEN-1 viruses and 4.9 % among DEN-4 viruses. Nucleotide changes occurred at 41 and 17 positions, respectively (22.7 % and 9.4 % of the gene fragment, respectively).
Most of the mutations in the nucleic acid sequence were located at the third position of the codon and were silent. The majority of these mutations were transitions (85.4 % to 87.8% for DEN-1 and 88.2% to 100% for DEN-4 isolates). Some sites of mutation were susceptible to (a) Table 2 .
transversion or to transition as compared to the sequence of the prototype strains: nt A152 was occupied by either T or G in DEN-1 strains; in DEN-4 strains nt Az92 and G2~6 were replaced by C or G in some strains and C or A in others (Figs 1 and 2) . Comparison between DEN-1 strains did not identify areas of high variability whereas six out of 17 mutations among DEN-4 strain sequences were located at the end of the fragment (nt 237 to 261). The deduced amino acids encoded by these nucleotide sequences differed at few sites (data not shown): four for DEN-1 (amino acids Asp 37, Asn ~2, Gln 79 and His s8 to Asn, Asp, Gly and Glu respectively) and one for DEN-4 (Ile 46 to Thr). Nucleotide sequence analysis of dengue viruses can be used to define genetic variation between strains of the same serotype and to follow geographical movement of strains, facilitating identification of the source of virus strains in new outbreaks (Rico-Hesse, 1990; Chungue et al., 1993b; Lanciotti et al., 1994) . Introduction of new viruses was demonstrated during recent outbreaks in the Pacific region (Chungue et al., 1993b) .
In this study, new information was obtained for DEN-1 viruses and particularly for DEN-4 viruses, for which nucleotide sequence information was available on only two strains: one from Dominica (Zhao et al., 1986) and one from Martinique (Deubel et al., 1990) . Genetic relationships among DEN-1 and DEN-4 viruses were visualized by plotting differences as a dendrogram (Fig.  3) . A divergence of 6 % within the studied region was taken as the cut-off point for virus groupings. This was based on previous studies with the same E protein gene interval Chungue et al., 1993 b) and on a short sequence in the NS1-E junction (Rico-Hesse, 1990), in which the limit was set according to the clustering of DEN-2 and DEN-3 isolates for which linkages would be expected on epidemiological or serological grounds. Thus, three genotype groups were defined for DEN-1 viruses, whereas only one was observed for DEN-4 viruses, as shown in Fig. 3 . For both serotypes, genetic relationships were detectable over a 50 year span for DEN-1 (Hawaii, 1944 to the Indian Ocean, 1993) and a 33 year span for DEN-4 (Philippines, 1956 to Tahiti, 1988 . For instance, the strains from recent epidemics in French Polynesia and New Caledonia (1988-1989) and the Comoro Islands (1993), as well as from French Guiana, Guadeloupe, Puerto Rico, Brazil, Peru, Nicaragua and Cuba, fell in genotype 2 (as do the American strains) and were significantly distinct from the earlier epidemic strains (1974) (1975) (1976) (1977) (1978) grouped in genotype 1. Therefore, it is likely that the recent epidemics of DEN-1 in the Pacific region are due to the introduction of a new variant of virus rather than the re-emergence of a strain derived from mutation through silent transmission. Furthermore, our results show a high level of dissemination of DEN-1 genotype 2 during recent years, as illustrated by the clustering of the viruses recently isolated in countries that have ties with French tropical countries (French Guiana, French Pacific territories, Comoro Islands). The direction of spread was not determined. Furthermore, circulation of genotype 2 also occurred within Central America and South America. This is consistent with the restriction analysis of American DEN-1 viruses (Vorndam et al., 1994) . Moreover, transportation of virus from one continent to another is illustrated by the isolation of Haiti 81 strain in Senegal from a patient who had just arrived from Haiti (Table 2) .
DEN-4 viruses seem to occur as a single genotype around the world. Sequence variation in the same region of the E protein gene among DEN-4 viruses was lower (4.9 %) than among the three other serotypes; maximum divergence was 12.3 % for DEN-3 viruses (Chungue et al., 1993 b) , 20 % for DEN-2 viruses and 6'9% for DEN-1. However, the South Pacific and American strains (99 % to 100 % identity) showed closer relationships than the Asian and African strains (4-9 % divergence) within the same genotype. The lower rate of variation among DEN-4 viruses compared to that of other serotypes may be related to the fact that the DEN-4 strains we examined are not representative of all strains of that serotype. It may also reflect different biological properties among viruses; isolations of DEN-2 and DEN-3 viruses are more often reported than DEN-4 virus. Lower levels of viraemia have been observed in DEN-4 infections (Gubler et al., 1981 ; E. Chungue, unpublished results) compared with DEN-2 and DEN-3 infections. Therefore, these observations suggest that mutation frequency in dengue viruses may be related to the level of replication (revealed by increased viraemia) in the human host or in mosquitoes (Scott et al., 1994) .
The average rate of random mutation (0-1 to 0-2 % per year) within the studied region of the E gene of temporally distant DEN-1 and DEN-4 strains showed a remarkable stability. Dengue virus strains belonging to the same serotype vary by 1.4 % (DEN-4) to 10 % (DEN-2) in the amino acid sequence deduced from the short fragments of genes (Rico-Hesse, 1990; Deubel et al., 1993) . These patterns may reflect constraints on dengue virus evolution imposed by the necessity to replicate in both mosquitoes and humans (Weaver et al., 1991) . Critical determinants involved in virus-cell interactions across two phyla need to be preserved. In the Americas, repeated outbreaks of DF as well as the explosive appearance of DHF due to DEN-2 have been reported.
Evidence of introduction of a new genotype from Asia to the Caribbean (Jamaica, 1983) was confirmed and was associated with severe disease potential (Rico-Hesse, 1990; Deubel et al., 1993) . This genotype spread towards South America and was associated with DHF (French Guiana, Brazil, Venezuela). A similar situation was observed during the recent epidemics of DEN-3 in the Pacific region where an Indonesian genotype with severe disease potential was introduced. In this study, there was no such potential among the two predominant genotypes of DEN-1 viruses, although differences in disease severity were described between DEN-1 epidemics in the Pacific islands (Gubler et al., 1978) . DEN-4 infections generally lead to mild disease and DEN-4 viruses present only a microheterogeneous genotype. Although these observations suggest that genetic variation may determine virulence and explain the changing patterns of disease, the molecular basis of virulence remains to be demonstrated. The development of infectious cDNA clones of dengue virus genomes (Lai et al., 1991) should help to define virulence determinants.
